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OPTIMUM TWO-DIIVENSIONAL SINGLE-STAGE 

. 

LAUNCH FROM THE! SURFACE OF MARS 

By Thomas B. Murtagh 

1.0 SUMMARY 

A de ta i l ed  mathematical descr ip t ion  of t h e  optimization procedures 
used t o  generate two-dimensional single-stage launch t r a j e c t o r i e s  i s  
presented.  
M a r s  i s  developed to.  i l l u s t r a t e  the  theory.  
a 10-second v e r t i c a l  r i s e  followed by a time-optimum t r a n s f e r  t o  an in t e r -  
mediate o r b i t  which has an  apoapsis a l t i t u d e  of 100 n. m i .  
cases  considered, t h e  launch ve loc i ty  requirement w a s  between 14 000 
and 1 5  500 fps .  

A t y p i c a l  ve loc i ty  budget f o r  a launch from t h e  surface of 
This t r a j e c t o r y  cons i s t s  of 

For t h e  

2.0 INTRODUCTION 

The mission plan and systems model which might be used t o  f l y  a 
manned mission t o  M a r s  i s  discussed i n  considerable d e t a i l  i n  reference 1. 
Some of  t h e  mission objec t ives  out l ined i n  t h a t  reference involve unmanned 
and manned landing vehicles  t o  research and explore t h e  Martian surface.  
The r e t r i e v a l  of t hese  vehic les  by a launch from t h e  surface t o  some 
intermediate  parking o r b i t  i s  t h e  subject  of t h i s  note.  
assumed t o  coast  i n  the' intermediate o r b i t  and then t o  execute a s e r i e s  
of maneuvers t o  rendezvous with the  main spacecraf t  i n  i t s  Mars parking 
o r b i t .  
rendezvous maneuvers. 

The lander  i s  

A subsequent ana lys i s  w i l l  be  performed t o  c a l c u l a t e  t hese  

The ana lys i s  presented here  i s  an extension of t h e  preliminary 
performance est imates  provided i n  reference 2. It t h a t  re ference ,  a 
time-optimum, range-free t r a j e c t o r y  program, which assumed constant  
t h r u s t ,  w a s  used t o  obtain t h e  data.  However, t h e  atmospheric drag 
terms were included only i n  t h e  dynamical equations of motion and were 
omitted i n  t h e  equations which provide t h e  feedback con t ro l  f o r  shaping 
t h e  optimum t r a j ec to ry .  This mathematical l i m i t a t i o n  w a s  removed f o r  
t h e  cur ren t  ana lys i s .  The purpose of t h i s  ana lys i s  i s  (1) t o  provide 
a d e t a i l e d  mathematical descr ip t ion  of t h e  optimization procedures and 



2 

convergence techniques used t o  generate t h e  numerical da t a ,  and 
( 2 )  t o  discuss  some t y p i c a l  performance da ta  which provide t h e  motivation 
f o r  t h e  ul t imate  choice of t h e  c h a r a c t e r i s t i c s  of t h e  intermediate 
parking o r b i t  f o r  t h e  lander .  
be used i n  a subsequent ana lys i s  t o  develop a launch window p r o f i l e  
f o r  t h e  lander.  

These parking o r b i t  c h a r a c t e r i s t i c s  w i l l  

3.0 SYMBOLS 

A veh ic l e  cross-sect ional  a rea  

drag c o e f f i c i e n t  
cD 

C matrix defined i n  eq. ( 5 4 )  

E 

f 

energy of o r b i t  

vector  function defined i n  eq. (10) 

f l y  f2' f3 '  f 4  components of f 

F vector defined by eq. (13) 

F1) F2 

g 

h 

H 

I 

components of F 

vector  function defined by eq. (43) 

vector  function def ined by eq. ( 4 4 )  

generalized Hamiltonian defined by eq. ( 9 )  

i d e n t i t y  matrix 

L angular momentum of o r b i t  . 
m 

r 

veh ic l e  mass 

r a d i a l  pos i t i on  ( f i g .  1) 

T veh ic l e  t h r u s t  

t 

U 

time 

r a d i a l  ve loc i ty  ( f i g .  1) 
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V 

0 
W 

X 

Y 

Z . 
a 

. 

B 

E 

r 

8 

P 

A 

lJ 

5 

rl 

Subscr ip ts  

f 

0 

t angen t i a l  ve loc i ty  ( f i g .  1) 

i n i t i a l  vehic le  weight 

s t a t e  vector defined by eq. (11) 

correc t ion  vector defined by eq. (53)  

augmented s t a t e  vector  def ined by eq. (13) 

parameter defined by eq. (55)  

angle between th rus t  and l o c a l  hor izonta l  

parameter defined by eq. (57) 

t r a n s i t i o n  matrix [ eq. (49)  and (50) 1 
angular pos i t ion  ( f i g .  1) 

atmospheric densi ty  

Lagrange m u l t i p l i e r  vector  

components of  A 

g r a v i t a t i o n a l  constant times mass of c e n t r a l  body 

parameter defined by eq. (52) 

t r u e  anomaly 

p a r t i a l  der iva t ive  of B with respec t  t o  ( ) 

f i n a l  value 

i n i t i a l  value 

Superscr ip ts  

T 

( ’  1 

-1 

t ranspose operator 

der iva t ive  of ( ) with respec t  t o  time 

inverse operator 
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of t h e  atmosphere. The drag c o e f f i c i e n t  CD and t h e  veh ic l e  cross- 

s ec t iona l  area A a r e  assumed constant.  The Euler-Lagrange ( c o s t a t e )  
d i f f e r e n t i a l  equations are represented by equations ( 5 )  through ( 8 ) .  , 

Operators 

d (  1 d i f f e r e n t i a l  o f  ( 

6( ) v a r i a t i o n  of ( ) 

DIAG( ) diagonal of ( ) 

4.0 ANALYSIS 

4.1 S t a t e  and Co-State Di f fe ren t ia l  Equations 

The nonlinear ordinary d i f f e r e n t i a l  equations of motion f o r  t h e  
two-dimensional, minimum-time, constant-thrust  launch t r a j e c t o r y  are 
shown by equations (1) through (4) ( re f .  3 ) .  

pCDAu i u 2  + V2 

u = - -  v2 5 + (:) s i n  B - 2m r 

pCDAv 4u2 + v2 

2m 
; = -=+ (I) cos B - 

r 

r = u  

V fJ = -  
r 

( 3 )  

(4) 

where u ,  v ,  r ,  and 0 are t h e  r a d i a l  v e l o c i t y ,  t a n g e n t i a l  v e l o c i t y ,  
r a d i a l  posi t ion,  and angular pos i t i on ,  r e spec t ive ly  ( f i g .  1). The 
con t ro l  va r i ab le  B i s  t h e  t h r u s t  o r i e n t a t i o n  with r e spec t  t o  t h e  l o c a l  
ho r i zon ta l ;  m = m - i t  i s  t h e  veh ic l e  mass; and p = p ( r )  i s  t h e  dens i ty  0 
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. 

. 

pCDA( 2u2 + v2 ) ;.-..[ 4-1 

1 A 3  = -A 

- A2 

( 5 )  

x4 = 0 

The genera l ized  Hamiltonian i s  given i n  equation ( 9 )  

(7 )  

T H = h f  



where 

f =  

. -  
fl 
f2 

f 3  
.f 4 

= o produces equation (12). HB The opt imal i ty  condition 

sin i3 = 
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x2 cos = 
1 (12) 

i s  t h e  magnitude of t h e  primer vec tor  
2 

where t h e  term +; + x 
( r e f .  4 )  i n  t h e  two-dimensional case. 
i n  equation (12) i s  resolved by appl ica t ion  of t h e  Legendre condi t ion 
f o r  a minimum, H > 0 ,  which requires  t h e  s e l e c t i o n  of t h e  minus s ign.  

The s ign  ambiguity on t h e  r a d i c a l s  

BB 

4.2 Perturbat ion Equations 

The use  of t h e  method of per turbat ion func t ions  (MPF) (ref.  3) 
t o  genera te  numerical converged solut ions t o  opt imizat ion problems 
r e q u i r e s  t h e  der iva t ion  of a s e t  of per turba t ion  equations. 
form of  t h e  s t a t e  and cos t a t e  d i f f e r e n t i a l  equations i s  given i n  
equation (13 ) . 

An augmented 

The pe r tu rba t ion  equation is given by equation (14)  

6;. = [E] 6 z  

where 

a The submatrices required i n  equation (15) can be computed from 
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aF1 -1 
ax x B B B  .HBx - = f  - f H  

a F- - -  -I 'I' - -  I -  -f H - , f  
a x  B B B  B 

-1 
xx + HxBHBB HBx 

- -  aF2 - -H 
ax 

-lf T - -  aF2 - -f + H H a x  X xB B B  B 

The m a t r i x  f-- can be w r i t t e n  as shown by equation ( 2 0 )  
x 

- f x  - 

- afl 

- a f 2  

- a f 3  

a e  

a e  

a e  

a f 4  
ae  - 

. 

fl, f 2 ¶  f 3 ¶  f a r e  defined i n  equation (10 ) .  The nonzero where 

p a r t i a l  der iva t ives  required i n  equation (20 )  a r e  def ined i n  equation (21)  
through (29) .  

4 
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a fl pCDA(2u2 + v2) - = -  
au 2mq- 

pC Auv D af2  v 
au 
- -  - -- - 

CDAv du2 + v2 a P  

ar - 7 -  an ar 
- e- a f 2  uv 

- -  - 1  a f 3  
au 

a f 4  v 
-F2 - =  

ar 
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The p a r t i a l  der iva t ives  given i n  equations (21)  through ( 2 9 )  can be 
extracted from t h e  appropriate  coe f f i c i en t s  i n  equations ( 5 )  through ( 8 ) .  
The vector f B  i s  ca lcu la ted  from 

f =  
B 

and 

- T  - cos f m 

- -  s i n  i m 

0 

0 

HBB = ($d- 
The vector H i s  a n u l l  vec tor ,  and t h e  symmetric matr ix  Ha has 

t h e  form 
BX 

- - 
u r  H uv H uu H 

Hw Hvr Hve 

Hrr Hr e 

- 'e e 

c 

The nonzero second p a r t i a l  de r iva t ives  required i n  equation (32)  a r e  
computed from equations ( 3 3 )  through (38).  
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c 

3 (35) 
A (2u2 + v2) + A2UV 

4- 
1 

2x1v A2' A 4  
. H v r = - y r  +F -7 

aP CDA A1uv +. A (u2 + 2v2 2 - -  - [ 
2 ar an d- ( 3 7 )  
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4.3 Boundary Conditions 

The boundary condi t ions f o r  t h e  s t a t e  and c o s t a t e  d i f f e r e n t i a l  
equations ( r e f .  3)  can be expressed as by equations (39a) and (39b). 

where and tf represent  t h e  i n i t i a l  and f i n a l  t i m e s ,  respect ively.  

It i s  reasonable t o  assume t h a t  t h e  components of t h e  i n i t i a l  s tate 
vector  a re  s p e c i f i e d ' s 0  t h a t  

x ( t o )  - xo = 0 (40) 

End t h e  unknown elements of 

Lagrange mul t ip l i e r s  A . 
nine boundary condi t ions required t o  solve t h e  two-point boundary value 
problem characterized by equations (1) through (8) .  The remaining f i v e  
boundary conditions are obtained by use of t h e  t r a n v e r s a l i t y  condi t ion 
(ref. 3) a t  t h e  terminal  time 

t h e  function t o  be extremized, f o r  t h e  launch problem considered i n  t h i s  
note i s  the time of f l i g h t  

zo are j u s t  t h e  i n i t i a l  values of t h e  

Equation (40) r ep resen t s  four of t h e  required 
0 

tf .  The performance index, which i s  

tf - to = tf .  With t h i s  performance index, 

t h e  t r a n s v e r s a l i t y  condi t ion a t  t becomes 
f 

T -A dxf + (1 + H ) f  d t f  = 0 f 

. 

4.3.1 Fixed argument of periapsis and t r u e  anomaly.- If t h e  launch 
i s  assumed t o  terminate a t  a s p e c i f i c  point  i n  a p a r t i c u l a r  o r b i t  
( f i x e d  s t a t e  i n  two dimensions), then t h e  terminal  boundary condi t ions 
as derived from equation ( 4 1 )  a r e  



13 

. .  

= o  

The i n i t i a l  boundary condition A ( t  ) = -1.0 i s  used i n  place of t h e  3 0  
te rmina l  boundary condition. (1 + H), = 0 :so tha t  equations ( 3 9 )  become 

and 

I 
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4.3.2 Free argument of p e r i a p s i s ,  f ixed  t r u e  anomaly.- If t h e  
launch i s  assumed t o  terminate  a t  a spec i f i c  point  i n  an o r b i t  whose 
l i n e  of apsides i s  unspecified ( i . e . ,  angular pos i t ion  f r e e  i n  t h e  two- 
dimensional problem considered i n  t h i s  n o t e ) ,  t h e  i n i t i a l  boundary 
conditions a r e  given by equation ( 4 3 ) ,  and t h e  terminal  boundary 
conditions as derived from equation ( 4 1 )  a r e  represented by equation ( 4 5 ) .  

h ( z f ,  t f )  = ( 4 5 )  

4.3.3 Free argument of pe r i aps i s  and t r u e  anomaly.- If the launch 
i s  assumed t o  terminate i n  an o r b i t  whose shape i s  spec i f i ed  ( i . e . ,  semi- 
major axis and e c c e n t r i c i t y )  but t h e  pos i t i on  i n  t h e  o r b i t  and aps ida l  
o r i en ta t ion  a r e  unspecif ied,  t h e  i n i t i a l  boundary condi t ions a r e  again 
given by equation (43 ) ,  and t h e  terminal  boundary condi t ions a r e  
represented by equation (46 ) .  

2 r 

A3(9 I =O 
where E and L a r e  t h e  energy and angular momentum of the  desired 
o r b i t .  



4.4 In tegra t ion  Procedures 

The numerical i n t eg ra t ion  of equations (1) through (8)  r equ i r e s  
A ( t o )  i n i t i a l  values  of t h e  Lagrange mul t ip l i e r s  

x ( t o ) .  The i n i t i a l  s tate vector  x ( t  ) i s  usua l ly  spec i f ied ;  reasonable 

va lues  f o r  A ( t o )  must be guessed. From equation (8 ) ,  it i s  evident 

t h a t  A ( t )  i s  a constant .  Furthermore, when t h e  argument of pe r i aps i s  

and t h e  s t a t e  vector  

0 

4 . i s  unspecif ied [eqs.  (45)  and (46) ]  A 4 ( t )  = 0. If t h e  argument of 

p e r i a p s i s  i s  spec i f ied  [eq.  (44 ) ] ,  an i n i t i a l  guess of 

u sua l ly  q u i t e  good. 
condi t ions c o n s t i t u t e s  spec i f ica t ion  of A3(  to). Consequently, t h e  

only unknown i n i t i a l  m u l t i p l i e r s  are A l ( t o )  and A 2 ( t o ) .  It can be 

shown ( r e f .  5 )  t h a t ,  f o r  t h e  case i n  which t h e  argument of pe r i aps i s  i s  
free, a reasonable ca l cu la t ion  of these  i n i t i a l  m u l t i p l i e r s  i s  provided 
by equations (47)  and (48). 

A 4 ( t o )  = 0 

Use of equation (43) f o r  t h e  i n i t i a l  boundary 

i s  

Some estimate i s  s t i l l  required for t h e  i n i t i a l  and f i n a l  p i t c h  angles 
B ( t o )  and B ( t f )  and t h e  time of f l i g h t  tf but t hese  parameters 

possess  more )physical s ignif icance than do t h e  corresponding Lagrange 
mul t ip l i e r s .  The in t eg ra t ion  of the s ta te  and c o s t a t e  equations of 
motion with some z ( t  ) general ly  w i l l  produce an h ( z f ,  t ) which i s  

nonzero. The e r r o r  i s  t h i s  terminal cons t r a in t  vector  must then be 
mathematically r e l a t e d  t o  t h e  i n i t i a l  condi t ions t o  begin an i t e r a t i o n  
procedure which w i l l  converge on the  des i red  so lu t ion .  

(c 

0 f 
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4.5 I t e r a t i o n  Procedures 

I f  the  value of t h e  te rmina l  cons t r a in t  vector  i s  expanded i n  a 

Taylor s e r i e s  about t h e  value obtained on t h e  ith i t e r a t i o n  and only 
f i r s t  order terms a r e  r e t a ined  ( r e f .  6 ) ,  then  equation (49)  r e s u l t s .  

(49) 

where t h e  t r a n s i t i o n  matr ix  

in t eg ra t ion  of t h e  equation 

T ( t f ,  t ) i s  obtained by simultaneous 
0 

with t h e  equations of motion and t h e  Ner -Lagrange  equations subjec t  t o  
t h e  i n i t i a l  condi t ions T ( t o ,  to) = I ,  where I i s  t h e  i d e n t i t y  matr ix .  

Because the  i n i t i a l  s tate vec tor  x ( t  ) and t h e  i n i t i a l  m u l t i p l i e r  

A (t ) 
modified t o  equation (51) .  

0 

a r e  assumed t o  be specifed,  3 0  0 
bx(t ) = 0 and equation (49)  can be 

i s  a reduced form of  r ( t  to) and 67 (to) i s  a where y ( t f ,  to) f ’  
reduced form of bX (to).  
and t h e  time of f l i g h t  can be computed d i r e c t l y  from equation (51) a f t e r  
dh ( z f ,  t ) 
correc t ion  procedure (FCP) ( r e f s .  3 and 6 )  which r equ i r e s  t h a t  equation (52)  
be s a t i s f i e d .  

The cor rec t ion  t o  t h e  i n i t i a l  m u l t i p l i e r s  

i s  ca lcu la ted .  One approach i s  t o  use  t h e  f r a c t i o n a l  f 
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where 5 i s  a number between 0 a n d l .  The use of s m a l l  values  of 5 i n  
t h i s  equation enchances t h e  poss ib l i t y  of convergence but increases  t h e  
computer time. Large values  of 5 reduce computer t h e  i f  t h e  so lu t ions  
on successive i t e r a t i o n s  a r e  c lose  t o  t h e  desired so lu t ion  but  t h e  
p robab i l i t y  of divergence i s  increased. The minimum-norm cor rec t ion  
procedures (MNCP) derived and discussed i n  re ference  6 enhance t h e  
convergence p robab i l i t y  by producing an i t e r a t i o n  procedure which auto- 
ma t i ca l ly  switches from a gradien t  so lu t ion  t o  t h e  c l a s s i c a l  Newton- 
Raphson so lu t ion  as t h e  des i red  terminal boundary i s  approached. The 
equation f o r  t h e  MNCP stepped -a technique ( r e f .  6 )  i s  given i n  equation (53) .  

Y = - [ CTC + a diag(CTC)] -lCTh (53)  

where yT = [ 6 y ( t  ) i. d t f ]  and t h e  matrix C is 
0 

An i n i t i a l  value f o r  a i s  chosen, and equation (55)  i s  used f o r  

a i n  equation (53). 
0 

P 
a = a  0 [y---] (55)  

The equation f o r  t h e  MNCP stepped-€ technique ( r e f .  6 )  i s  given i n  
equation (56) 

T -1 T y = - ( C  C + €1) C h 

where an i n i t i a l  value f o r  i s  chosen and E i s  computed from 

equation ( 57 ) 
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The parameter 

h ( z f ,  t f )  on t h e  i t h  i t e r a t i o n ,  and (hlmax i s  t h e  m a x i m u m  value of t h i s  

norm (usua l ly  produced on t h e  f i r s t  i t e r a t i o n ) .  
a r e  derived and discussed i n  considerable de t a i l  i n  re ference  6 and a r e  
l i s t e d  i n  t h i s  note  f o r  t h e  sake of completeness. 

[h I i  i s  t h e  norm of t h e  te rmina l  cons t r a in t  vector  

Equations (53) through (57 )  

4.6 Terminal Constraint  Vector Derivat ives  

The p a r t i a l  de r iva t ive  matrix [E] and t h e  t o t a l  time de r iva t ive  

vector  

terminal  o rb i ta l  configurat ions considered i n  t h i s  note.  

[E] 
hf required f o r  equation (49) w i l l  now be l i s t e d  for t h e  t h r e e  

The matrix 

has  t h e  f b r m  shown i n  equation (58) .  

H =  f 

L 

ahl ahl - ahl - -  
a x 4  au av ' 

. 

ah4 ah4 - ah4 -- 
au av , . . a x 4  

and t h e  vector hf i s  wr i t ten  

hfT= [l h h ' 2  h '3 h4 ' I  (59) 

4.6.1 Fixed argument of pe r i aps i s ,  t r u e  anomaly.- The nonzero p a r t i a l  
der iva t ives  required i n  equation (58) a r e  represented by equation ( 6 0 )  
and (61).  
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(61)  

For t h i s  terminal  cons t r a in t  configuration, [E] i s  a 4 by 8 matr ix ,  
hf i s  a four-component vector ,  and f 

. 
4.6.2 Free argument of  per iaps is ,  f ixed  t r u e  anomaly.- For t h i s  

terminal  cons t r a in t  configurat ion,  t h e  matr ix  Elf has a 3 by 8 
dimension (omit t h e  four th  row), and t h e  nonzero p a r t i a l  de r iva t ives  a r e  
as shown by equation (63) 

The t h r e e  components of hf are 0 

. 

hf T=[ ; ; ; ]  

and 

The mul t ip l i e r  A 4 ( t )  

zero f o r  a l l  time. 

i s  not used i n  t h i s  option because it i s  

4.6.3 Free argument of per iaps is ,  t r u e  anomaly.- For t h i s  terminal  

cons t r a in t  configurat ion,  t h e  matrix 

(omit t h e  fou r th  row) , and t h e  nonzero p a r t i a l  de r iva t ives  are 
represented by equations (66) through (72 ) .  

[%] again has a 3 by 8 dimension 
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- = u  aa 

- = v  ah2 
av 

ah2 - =  
ar 5 

ah3 A l p  - -  x3 - ='T ar u r v  v 

( 67b 
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. 

- =1, L -  ah3 
a x1 u ( r v  v) 

The components of hf a r e  given by equations ( 7 3 )  through ( 7 6 ) .  

hl = rv  + r v  

h -  - (%-v)*($$) 
3 

+ x2 - x 3  ' (L)+ v > (+ - ;) 

(73)  

( 7 5 )  
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5.0 RESULTS AND DISCUSSION 

The Mars atmospheric density profile illustrated in figure 2 was 
used for all data presented in this analysis. The ascent engine specific 
impulse I 
parameter Wo/CDA was chosen to be 400 lb/ft2. The apoapsis altitude ha 

of the intermediate ellipse was always 100 n. mi. These parameters were 
arbitrarily chosen to illustrate the optimization techniques. 
dynamic pressure calculated for the cases considered was 40 lb/ft2. 

was fixed at 380 seconds, and the initial lander ballistic 
SP 

The maximum 

The characteristic velocity Vc for the time-optimum (free argument 

of periapsis) transfer from the termination of the 10-second vertical rise 
(AV X 400 fps) to the specified intermediate orbit is presented in 
figure 3 as a function of the true anomaly rl at intermediate orbit insert- 
ion. The curves were generated for initial thrust-to-weight ratios T/Wo 
between 0.6 and 1.4 (measured in Earth g's). 

P 
of 300 000 feet, 350 000 feet, and 400 000 feet were considered. Lower 
periapsis altitudes would have produced undesirable orbit decay times 
for the lander intermediate orbit. Note from these curves that the 
performance (measured by V ) is insensitive to variations in true anomaly 
between -10' and +loo.  Consequently, the choice of the true anomaly angle 
at the intermediate orbit insertion point can be arbitrary within the 
above limits. rl = + 5 O ,  the characteristic velocity was plotted 
against the initial thrust-to-weight ratio in figure 4. The minimum V ' s  

obviously occur for the lowest periapsis altitude (because the apoapsis 
altitude is fixed at 100 n. mi.), and the minimum of that curve is for 
0.8 (T/Wo 21.0. Based on this data, the periapsis altitude of the 
intermediate ellipse was chosen to be 300 000 feet (for = + 5 O ) ,  and 
the initial thrust-to-weight ratio was chosen to be 1.0 (measured in 
Earth g's). 
presented in figure 5. 

Periapsis altitudes h 

C 

With 
C 

The ascent and dynamic pressure profile f o r  this case is 
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6.0 CONCLUSIONS 

A d e t a i l e d  mathematical descr ipt ion of t h e  optimization procedures 
used t o  generate two-dimensional single-stage launch t r a j e c t o r i e s  has 
been presented. 
of Mars was  developed. 
r i s e  which required approximately 400 fps  followed by a time-optimum 
t r a n s f e r  t o  an intermediate o r b i t  which had an apoapsis a l t i t u d e  of 
100 n. m i .  For t h e  cases considered, t h e  t o t a l  launch v e l o c i t y  require- 
ment w a s  between 1 4  000 and 1 5  500 fps .  
performed t o  develop a launch window p r o f i l e  f o r  t h e  lander and w i l l  
include a ca lcu la t ion  of t h e  maneuvers required t o  rendezvous t h e  
lander  from i t s  intermediate o r b i t  t o  t h e  main spacecraf t  i n  i t s  Mars 
parking o r b i t .  

A t y p i c a l  ve loc i ty  budget f o r  a launch from t h e  surface 
The t r a j e c t o r y  consisteC of a 10-second v e r t i c a l  ’ 

A subsequent ana lys i s  w i l l  be 

4 
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Altitude, h, ft 

Figure 2 . -  Mars atmospheric density pmfile. 
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